Gyre, a counterclockwise circulation ranging from the seas adjacent to Hokkaido Island of Japan to the Gulf of Alaska. The Subarctic Front between the subtropical and subarctic water is formed around 42°N in the sea around Hokkaido Island, and around 47°N near the dateline. The flow along the Subarctic Front is called the Subarctic Current. Although these two circulations merge in the sea east of Honshu Island, the waters do not immediately mix and thus the Transition Area (Kawai, 1955 ) is formed, which presents quite complicated oceanographic conditions.
In the Subtropical Gyre of the North Pacific, the water called North Pacific Intermediate Water (NPIW), characterized by the salinity minimum layer, is widely distributed. Talley (1993) showed that this salinity minimum layer extends in the layer centering about potential density 26.8 kg·m -3 (σ θ ), and NPIW formation occurs only
Introduction
Two large-scale circulations are observed in the surface layer down to the intermediate layer of the North Pacific north of 20°N latitude. Figure 1 (adapted from Dodimead et al., 1963) shows a diagram of the surface circulation in the northern North Pacific. The southern circulation is called the Subtropical Gyre, a clockwise circulation ranging from the sea south of Japan to the west coast of the North American Continent; the Kuroshio forms part of this circulation and it is referred to as the Kuroshio Extension after separation from the Honshu Island. Further downstream, it is called the North Pacific Current. The northern circulation is called the Subarctic in the Transition Area in the sea east of Japan. Mixing of the subarctic water and the subtropical water is considered essential to generation of the NPIW (Yasuda, 1997) . Since the NPIW spreads through the entire North Pacific subtropical gyre, it is considered that the circulation in the intermediate layer has a close relationship to climate through advection and/or accumulation of heat and greenhouse gases. However, there had been no direct observation of the flows in the mid-depth over a wide area until recent years.
Since Swallow (1955) , various types of subsurface float or profiling float have been developed, and these have become fully established as a very effective oceanographic research tool. In the framework of the Subarctic Gyre Experiment (SAGE), which was conducted from 1997 to 2001, the group of the Meteorological Research Institute, Japan Meteorological Agency deployed ten Profiling Autonomous Lagrangian Circulation Explorers (PALACE), five isobaric Autonomous Profiling Explorers (APEX) and six isopycnal APEXs in the sea east of Japan to examine the formation and the circulation structure of NPIW. Using the above six isopycnal APEXs, Shimizu et al. (2003b) described the results of those observations in detail and analyzed the process by which the NPIW is formed.
In this study, a synoptic-scale Eulerian circulation image in the intermediate layer of the northwestern North Pacific was estimated using the movements of the 21 subsurface floats. The specification of the subsurface floats and their operation is described in Section 2. The circulation of the intermediate layer is estimated in Section 3. Section 4 summarizes the results and discusses them.
Float Specification and Operation
There were 21 subsurface floats in total, all of them being products of the Webb Research Corporation. Table  1 shows the specification of the subsurface floats used.
Five PALACEs were deployed in May, 1998. Another five PALACEs and five isobaric APEXs were deployed in November, 1998 and November, 1999, respectively . In February and May of 2001, six isopycnal APEXs were deployed in total. The deployment positions are shown by small colored circles in Fig. 3 .
The basic structure of each float is almost the same: there is a rubber bag called a "bladder" in the bottom of the main body. The float changes the whole volume (buoyancy) by expanding or shrinking the bladder with the internal oil pump and air pump so that the float can ascend to the sea surface or descend to its parking depth. The temperature, salinity and pressure sensors, and an antenna for satellite communication are attached to the top part of the main body. The size, weight and appearance of each type of float are almost the same. The size of the main body of the floats is 130 cm in length, 16.5 cm in diameter, and the weight in air is about 26 kg. Figure 2 shows the mission outline of each type of subsurface float used. The PALACEs and isobaric APEXs start to descend 6 hours after from switching on a power supply, and reach the preset parking depth in several hours; they will then drift in the intermediate layer for a period of several days to two weeks. After that, the float expands its bladder to ascend to the sea surface, and the temperature, salinity, and pressure of preset layers are measured during the ascent. On the sea surface, the float determines its position and sends observed data using the ARGOS system. After repeating positioning and data transmission for ten or more hours, it descends again and drifts in the intermediate layer at the parking depth. Such operations are repeated from dozens of times to about 100 times.
The isobaric APEX measures pressure during drifting time in the parking intermediate layer and buoyancy adjustment is performed automatically so that it can stay at the predetermined isobaric surface. Since a water mass flows along an isopycnal surface rather than an isobaric one, the Meteorological Research Institute improved on a conventional isobaric APEX to produce an isopycnal APEX, in cooperation with Webb Research Corporation. The isopycnal APEX calculates potential density from measured temperature, salinity and pressure in the parking layer, and performs automatic buoyancy adjustment so that it can stay in the predetermined isopycnal layer.
The APEX is designed so that one can set the parking depth and profiling depth separately. This function is not used for the isobaric APEXs in order to observe the intermediate flow more accurately (see Fig. 2 ). Considering the contribution to the Argo Project, the profiling depth of the isopycnal APEXs were set to 1000 dbar (1 dbar ≡ 10 4 Pa). As shown in Table 1 , eight floats have a salinity sensor. Thirteen floats without a salinity sensor were also used in this study. The accuracy of each sensor of the latter thirteen floats at the time of factory shipment are ±1 dbar in pressure and ±0.01°C in temperature. The former eight floats were equipped with the sensor module Sea-Bird model 41 pumped MicroCAT with an accuracy of 0.002°C in temperature, 0.005 psu in salinity and 2.4 dbar in pressure. It is, however, difficult to correctly estimate the changing rate of sensor characteristic or the influence of adhesion of living creature etc. after deployment. For this reason, it is necessary to carefully control the quality of the data when using the profile data for ocean condition analysis. were set to 15 days. Considering the depth of the salinity minimum layer of NPIW in the northern area, the parking depths were set to about 400 dbar and to about 600 dbar for the southern area. The actual parking depth, measured by pressure just before starting the surfacing action, showed about 100 dbar deviation. When warm waters exist in the upper layer, the parking depth tends to become deeper. The parking depths of five isobaric APEXs deployed in 1999 were set to 400 dbar, and the surfacing cycle was scheduled to 8 days. The data obtained show that the automatic buoyancy adjustment worked very well and the APEXs had drifted along the set-up 400 dbar surface quite stably, as shown in Table 1 . The very long arrow from 40°N, 150°E to 46°N, 162°E of the float #25336 is caused by the failure to surface in summer (from July to December of 2000) due to insufficient buoyancy. In February, 2001, two isopycnal APEXs were deployed in the Kuroshio Extension region, east of Honshu Island. The parking densities of these floats were set to 26.7σ θ which correspond to the salinity minimum density of NPIW in this region. Both floats first descended to a shallower layer, then reached the predetermined layer of 26.7 ± 0.1σ θ by the third diving cycle. An example of the depth-time distribution of temperature and salinity obtained by isopycnal APEX (#05663) is shown in Fig.  4 . The actual drifting depths are also shown by circles in the temperature (upper) panel. It shows that the float had drifted within the layer of the predetermined 26.7 ± 0.1σ θ after the third dive, along the salinity minimum layer. In May 2001, two isopycnal APEXs were deployed in the Kuroshio Extension region and east of Honshu and in the Oyashio region, south of Hokkaido, respectively. All of these four floats also performed well. Figure 3 shows that floats drifted to the east during the observation period. The detailed motions of each float are very complicated, probably due to unsteady eddies and complicated general background flows. Apparently, it is difficult to estimate the mean circulation field in the intermediate layer by the individual movement of each float. Davis (1998) investigated the basin-scale intermediate circulation from the direct observation data of about 300 ALACEs deployed in the tropical and South Pacific. He analyzed the Antarctic Circumpolar Current and East Australian Current and more detailed structures of subsurface circulation by averaging the float velocities. Since the majority of the floats used in this study have no salinity sensor (Table 1) , the density of the actual parking layer cannot be determined in most cases. Therefore, the density of the parking layer of the floats without salinity sensor is estimated by using the relationship between pressure and density from the climatological data. The climatological data of vertical temperature and salinity distribution used here were created using the "gridsurf" software included in the Hydrobase (Macdonald et al., 2001) , which gives average grid data by isopycnal interpolation. The data sources employed for the climatological data were the World Ocean Database 98 (Ocean Climate Laboratory of National Oceanographic Data Center, Conkright et al., 1998) and additional newer data sets, such as CTD data of the Japan Meteorological Agency and that of the Argo floats available by July, 2002. The pressure data on the 26.7σ θ surface derived from the isopycnal APEXs and those estimated from the climatology are compared, in order to check the validity of using the climatological data and to check the sensor drift. Figure 6 shows an example of the deviation of salinity and temperature from the climatology (float-climate) and the observed pressure on the 26.7σ θ surface (circles) and that of climatology (crosses). In the lower layer below 26.7σ θ , temperature and salinity show quite small changes relative to the upper layer suggesting negligible sensor drifts. All other isopycnal APEXs also suggest insignificant sensor drifts. The average difference between ob- It is reasonable to expect that the use of climatological data gives appropriate results in the following data processing. Figure 7 shows the histogram of the estimated (for floats without salinity sensor: white bar) and observed (for floats equipped salinity sensor: gray bar) parking layers for every 0.1σ θ layer. A series of 2081 float trajectory data was obtained by November, 2002 . From these data, 1842 data were extracted, which are presumed to have been obtained within the potential density layer from 26.4 to 27.1σ θ in which the NPIW generally spreads.
Estimate of the Intermediate Circulation

Velocity
Since the floats were drifting at the various depths or in density layers, the average velocities cannot be obtained by simple averaging. Therefore, the individual float speeds were converted to the speed on each isopycnal surface according to the latitude and parking depth using the climatological ratio of the geostrophic flow speed relative to 3000 dbar. The vertical distribution of the geostrophic flow speed and its ratio for each latitudinal position are shown in Figs. 8(a) and (b) , respectively. The profiles are almost linear south of 40°N, and it is also not very different from a straight line at 45°N. The latitudinal distribution of the ratio to the flow velocity on a 26.7σ θ surface for each density layer is shown in Fig. 8(c) . The absolute value of the ratio is small at both northern and southern ends and it takes the maximum value at around 38°N. These distributions give a flow speed ratio as a where R σ is a ratio of flow speed on the isopycnal surface of σ(σ θ ) relative to that of 26.7σ θ surface, and L is latitude in degrees. The examples of the result of Eq. (1) for the case of σ = 26.4σ θ (open circle) and σ = 27.0σ θ (gray circle) are shown in Fig. 8 , suggesting an appropriate approximation for the ratio by Eq. (1). The individual float flow speed was corrected to that on each isopycnal surface using Eq. (1) under the assumption that the instantaneous velocity field from floats would match the longterm mean climatological field. Since there was no systematic difference of geostrophic flow direction between each density layer, no correction for flow direction is applied.
For grid point values of velocity, a Gaussian-type weight, with e-folding decrease in 100 km distance was applied to the corrected velocities counted within a 250 km circle from a grid point. However, average velocity was not calculated when the number of data within 250 km distance from a grid point is either less than five or no data was found within 100 km. Figure 9 shows the composite flow field on the surface of 26.7σ θ . Arrows denote the average velocities, contours denote the acceleration potential on the 26.7σ θ isopycnal surface referred to 3000 dbar calculated from climatological data and the shading denotes the bathymetry. The arrows indicating the average velocities generally seem to follow the contour of acceleration potential. A tendency of large special variations of current direction around relatively large topographical structures, such as the Shatsky Rise, the Emperor Ridge and the Hess Rise, is evident.
All floats used in this study were deployed in the socalled Transition Area between the subarctic gyre and the subtropical gyre. Only one float (#01974) clearly is taken into one of these gyres. Some floats near the Subtropical Front or the Subarctic front seem to have a tendency to across the front around the areas of the shaped shoulder or saddle point of the acceleration potential field (see Figs. 3 and 9) . Three strong eastward flows are seen in the area between 150°E and 170°E. First, there are strong flows of 10 to 20 cm·s -1 between 32°N and 35°N, which follow the Kuroshio Extension and then the North Pacific Current. The second strong flow is seen between 42°N and 45°N with a speed of 10 to 20 cm·s -1 which follows the Subarctic Current. This speed is comparable to that of the flow along the Kuroshio Extension. The third flow is seen around 39-40°N, and its flow speeds are several cm·s -1 , which seems to follow the Subarctic Boundary. The oceanographic structure corresponding to those flows were also often caught by the cross-sectional ship observation, as reported by McTaggart et al. (1994) . Similar relatively strong eastward flows and transports were re- 1 1 1 1 1 1  1  1 1  1 1 1 1 1 1  1  1 1   1 1 1 1 1 1  1  1 1   1 1 1 1 1 1  1  1 1   1 1 1 1 1 1  1  1 1   1 1 1 1 1 1  1  1 1   1 1 1 1 1 1  1  1 1  2 2 2 2 2 2  2  2 2   1 1 1 1 1 1  1  1 1   2 2 2 2 2 2  2  2 2   2 2 2 2 2 2  2  2 2  2 2 2 2 2 2  2  2 2   2 2 2 2 2 2  2  2 2  2 2 2 2 2 2  2  2 2   2 2 2 2 2 2  2  2 2   2 2 2 2 2 2  2  2 2  3 3 3 3 3 3  3  3 3   3 3 3 3 3 3  3  3 3  3 3 3 3 3 Kuroshio Extension or the North Pacific Current, and the third one locates along the Subarctic Boundary. The average volume transport of the first flow, along the Subarctic Current, from 146°E to 166°E is estimated as 5.6 Sv by accumulating the grid transport value larger than 1 Sv·grid -1 which has 35 or more source data. In the same manner, the volume transport of the second flow, along the Kuroshio Extension, from 145°E to 152°E is estimated as 7.5 Sv, and that of the third flow, along the Subarctic Boundary, from 154°E to 163°E is estimated as 4.8 Sv.
The pathways and volume transports of the main stream were roughly estimated by considering the volume balance, width of flows (strong flow area larger than 1 Sv·grid -1 ), direction of flows, and the mixing ratio of the Oyashio and Kuroshio waters (mentioned in the next subsection). The broad belt-like arrows in Fig. 13 indicate estimated main pathways of the intermediate flow.
Large digits in Fig. 13 denote the roughly estimated volume transport.
In the layer of 26.6-27.0σ θ , it is estimated that the inflowing Subarctic and Subtropical waters into the sea east of Japan are both about 8 Sv in volume transport. These transports are simply obtained from the budget of volume transports within the analyzed area. The volume transports along the Subarctic Current and North Pacific Current are both estimated as 5.5 Sv. Volume transport of the flow along the Subarctic Boundary is 5 Sv, where the flow has slower velocity and a thicker density layer than the former flows.
ported by Miyao and Ishikawa (2003) from repeat hydrographic observations and Masujima et al. (2003) using Lowered ADCP. Figure 10 shows the geostrophic current on the 26.7σ θ isopycnal surface relative to 1500 dbar (black arrow) and 3000 dbar (white arrow) derived from climatological hydrographic data. The difference between these two geostrophic flow fields is qualitatively insignificant, except around the Western Subarctic gyre. Both fields give the conventional image of the circulation in the intermediate layer. Comparing Figs. 9 and 10, it is clear that the geostrophic currents from climatological hydrographic data are generally weaker than the floatbased current (note the difference of the speed scales).
Volume transport Total transport
With the flow velocity estimated for each isopycnal surface using Eq. (1), it is possible to calculate volume transport in the intermediate layers if the thickness of each density layer is known. The thickness of each density layer is estimated from the climatological data. The total thickness of the layer of density range from 26.6 to 27.0σ θ is shown in Fig. 11 . The maximum thickness is seen along 41-42°N where the Subarctic Boundary is located. Figure 12 shows the total volume transport through each 1 degree grid point in the 26.6-27.0σ θ layer (contour) calculated by accumulation of the product of flow speed and layer thickness of every 0.1σ θ layer from 26.6 to 27.0σ θ . The shading indicates a strong flow grid larger than 1 Sv·grid -1 . Arrows are the same as yellow arrows in Fig. 9 . Three areas can be seen with relatively large magnitude transports: the first one locates along the Subarctic Current, the second one locates along the
Oyashio and Kuroshio components
As a next step, we categorized these transports into two source waters: Oyashio and Kuroshio water components. Using the same procedure and reference original water profiles as Shimizu et al. (2001) , the mixing ratio of the Oyashio and Kuroshio water was estimated from the water temperature observed by the floats at the parking layer. The mixing ratio can also be calculated from salinity in each density layer, although since a large majority of floats used here have no salinity sensor, the mixing ratio was estimated from temperature and density only. As for the floats with no salinity sensor, the density at the parking layer was estimated from the parking pressure and climatological relationship of density and pressure. The distribution of the Oyashio ratio is shown by contour lines in Fig. 13 . The high Oyashio ratio water lies along the coast from Kuril Islands to Honshu Island, Japan. The Oyashio ratio is 50-70% around the Sub Arctic Current, 10-40% around the Kuroshio Extension and 30-50% around the Subarctic Boundary.
Volume transports of Oyashio and Kuroshio waters in this layer can be obtained by multiplying this mixing ratio by the total volume transport. The results are shown in Fig. 14 
Summary and Discussions
During 1998-2001, 21 subsurface floats were deployed in the sea east of Japan to examine the formation and flow structure of NPIW. Six floats among these subsurface floats were isopycnal APEXs which were developed for the first time for the present study. Each float has performed well in drifting along the isopycnal layer. A Eulerian image of intermediate circulation was obtained from the analysis of the movement of all these floats.
The intermediate circulation derived from subsurface floats is qualitatively consistent with the geostrophic cur- rent relative to 3000 dbar or 1500 dbar surface estimated from historical observations. The flow field from floats, however, generally has larger magnitude and places greater emphasis on the influence of bottom topography than that derived from the climatological field. Three relatively strong eastward flows were seen in the area from 150°E to 170°E. The northernmost flow along the Subarctic Current and its flow speed on the 26.7σ θ surface is 10 to 20 cm·s -1 , and the volume transport in the layer of 26.6-27.0σ θ is 5.5 Sv. The southernmost flow is along the Kuroshio Extension or the North Pacific Current, and it has almost the same speed and volume transport as the subarctic flow. The third flow follows the Subarctic Boundary and the flow velocity is several cm/s, although the great thickness of the layer brings almost the same volume transport of 5 Sv as the former two flows.
Using the temperature observed by the floats, the mixing ratio of the Oyashio and Kuroshio water was estimated, and the volume transport of each source water was calculated. Kono (1995) estimated that the Oyashio water in the 26.6-27.0σ θ layer, which flows into the transition area, is 3 Sv by an analysis of the repeated hydrographic observation data carried out in the sea southeast of Hokkaido in 1990 Hokkaido in -1991 . From the combined analysis of the CTD and the lowered acoustic Doppler current profiler (LADCP) in May and June of 1998, southwestward crossgyre subarctic transport in the 26.6-27.0σ θ layer in the sea southeast of Hokkaido was found to be 2.4 Sv ) to 2.9 Sv (Hiroe et al., 2002) . These results are in good agreement with the volume transport of Oyashio water which flows southward along the east coast of Honshu Island to the Kuroshio Extension, obtained in this study (Fig. 12) .
From detailed oceanographic observations in the Transition Area to the Kuroshio Extension region, Yasuda et al. (1996) calculated the geostrophic current relative to 1000 dbar for every density layer. According to figure 6 of Yasuda et al. (1996) , the volume transport in the layer of 26.6-27.0σ θ of the Kuroshio Extension is estimated as 5-7 Sv. Talley (1997) mentioned that zonal transport in the 26.64-27.0σ θ layer relative to 2000 dbar at 152°E is 6.5-6.9 Sv (total) and 1.9-2.1 Sv (subpolar water). These values are slightly less than those found in the present study. Kaneko et al. (2001) applied the inverse method to the oceanographic observations performed in the Philippine Basin and the Shikoku Basin. The mass transport in the intermediate layer (26.5σ θ to 36.7σ 2 (about 27.5σ θ )) of the Kuroshio, south of Honshu Island is about 8 × 10 9 kg·s -1 (=about 8 Sv). Considering the density range, this value is somewhat less than the result presented here. Shimizu et al. (2003a) estimated that the volume transport of the coastal Oyashio intrusion in the layer 26.6-27.2σ θ is 1-2 Sv; the inflow transport of the Kuroshio water at sea southeast of Honshu Island in the same density layer is 7-8 Sv. All these comparisons are based on snapshot observations, although they suggest rather good agreement.
The results mentioned above are sensitive to the flow field estimate at 26.7σ θ from subsurface floats and the climatological density fields. We used the climatological density field to convert the float velocity to the isopycnal velocity field and also to estimate volume transport under the assumption that the instantaneous velocity field from floats would match the long-term mean climatological field. This assumption is not validated here and remained a problem to be resolved by further work. This might influence the isopycnal flow field, the magnitude of which is generally larger than the ones derived from the climatology relative to 3000 dbar. However, the present results are believed to be useful as a first direct flow estimation using subsurface floats.
Since the present observation with the subsurface floats was not adequate in terms of number of floats or sampling period, no analysis of the interannual and the seasonal variability of the intermediate circulation was done. The Argo project will provide data for estimating the intermediate circulation with sufficient accuracy. Then it is expected that analysis of the interannual and seasonal variations of the intermediate layer circulation with error estimate will become possible.
